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2 Current address: Nexigen GmbH, Bonn, Germany.Many G-protein coupled receptors are palmitoylated in their C-terminal, intracellular regions. So far
no enzymes responsible for this modiﬁcation have been described. We identiﬁed an interaction of
the membrane proximal helix 8 of somatostatin receptor 5 (SSTR5) with the N-terminal region of
the putative palmitoyltransferase ZDHHC5 using the Ras recruitment interaction screening system.
ZDHHC5 and SSTR5 are colocalized at the plasma membrane and can be efﬁciently coimmunopre-
cipitated from transfected cells. Coexpression of ZDHHC5 in HEK293 cells increased palmitoylation
of SSTR5 whereas knock-down of endogenous ZDHHC5 by siRNAs decreased it. Our data identify the
ﬁrst palmitoyltransferase for a G-protein coupled receptor.
Structured summary of protein interactions:
SSTR5 physically interacts with ZDHHC5 by ras recruitment system (View interaction)
SSTR5 and ZDHHC5 colocalize by ﬂuorescence microscopy (View interaction)
SSTR5 physically interacts with ZDHHC5 by pull down (View interaction)
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Palmitoylation increases the hydrophobicity of protein do-
mains, thus contributing to protein structure, function and cellular
localization [1]. In the case of G-protein coupled receptors (GPCRs),
palmitoylation of a cysteine residue in the intracellular C-terminal
tail creates an additional intracellular loop [2] which is important
for efﬁcient coupling to G-proteins [3,4]. In addition, it is believed
that receptors are targeted to lipid rafts by this modiﬁcation [5].
Though palmitoylation of many GPCRs has been demonstrated,
the enzymes responsible for this modiﬁcation have been unknown.
Only during the last decade the family of ZDHHC proteins (23 pro-
teins in mammals; characterized by a conserved zinc ﬁnger motifchemical Societies. Published by E
0-[maleimidoethyl-cyclohex-
ed receptors; HA, hydroxyl-




.O. Box 1627, 70211 Kuopio,containing amino acid sequence DHHC) have been recognized as
putative palmitoyltransferases [6–8]. However, so far it has been
unclear whether any of the ZDHHC family members recognize
GPCRs as substrates.
Here we identify an interaction of the somatostatin receptor
subtype 5 (SSTR5) with the putative palmitoyltransferase ZDHHC5.
Our results indicate that ZDHHC5 is responsible for palmitoylation
of the SSTR5, identifying for the ﬁrst time a palmitoyltransferase
for a G protein-coupled receptor.
2. Materials and methods
2.1. Interaction cloning in the Ras recruitment system
Interaction screening was performed using the Ras recruitment
System (RRS, [9]). The bait plasmid was constructed to express res-
idues 307–362 of rat SSTR5 as a C-terminal fusion to Ha-Ras (Q61L)
in the plasmid pADNS [10]. The RRS is based on translocation of the
Ras/SSTR5 fusion protein to the plasma membrane upon protein–
protein interaction. In auto-activation tests the SSTR5 bait elicited
a growth signal in the absence of a cotransformed library plasmid;
this was blocked by mutating the potential palmitoylation site at
position 319 from Cys to Ala.lsevier B.V. All rights reserved.
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bait and 60 lg of the library plasmids were cotransformed into the
yeast strain cdc25-2 which carries a temperature sensitive allele of
the GTPase exchange factor CDC25. Mutant CDC25 activates the
endogenous yeast Ras pathway at 25 C but is inactivated by a shift
to 37 C. Transformed cells (1  106 clones) were shifted to 37 C.
Eight clones showed library dependent growth. Library plasmids
were isolated and reintroduced into the cdc25-2 strain in combina-
tion with either the SSTR5 bait or with an unrelated bait plasmid to
identify speciﬁc candidates.
2.2. Expression in mammalian cells
The ZDHHC5 cDNA fragment obtained in the interaction screen
was cloned into pEGFP-C3 (Clontech, Heidelberg, Germany). Based
on this, a full-length construct, and deletionmutants were also gen-
erated in pEGFP-C3. Mouse ZDHHC5 and ZDHHC8 cDNAs in pEF-
BosHA were kindly provided by Dr. Masaki Fukata (Aichi, Japan).
The T7 tagged mSSTR5 construct has been described [11]. mRFP
tagged mSSTR5 was expressed using a construct coding for a signal
peptide (peptide sequence: MVLWLQLALLALLLPTSLAQGEVDI),
followed by the mRFP cDNA (obtained from Roger Tsien, UCSD San
Diego, CA [12]); and the mSSTR5 coding sequence. The myc-tagged
PSD-95 vector was described before [13] HEK293 cells were
transfected with calcium phosphate (coimmunoprecipitation
assays) or lipid based transfection reagents (Lipofectamine 2000;
Turbofect; for palmitoylation assays and ﬂuorescence microscopy,
respectively).
2.3. Precipitation assays
For immunoprecipitation, HEK293 cells were lysed in IP buffer
(50 mM Tris–HCl, pH 8.0, 120 mM NaCl, 0.5% NP-40, 1 mM EDTA)
followed by centrifugation (15 min, 20 000g, 4 C). T7-tagged
SSTR5 receptor was precipitated by incubation with anti-T7 aga-
rose (Novagen, Darmstadt, Germany). Myc-tagged PSD-95 was pre-
cipitated using a peptide corresponding to the C-terminus of the
NMDA receptor 2A subunit (sequence KKLSSIESDV) coupled to N-
hydroxysuccinimidyl-sepharose, as described [13]. After washing,
precipitates were analysed by Western blotting.
For measuring palmitoylation using the acyl-biotin exchange
method [14], cells were lysed in RIPA buffer, followed by centrifu-
gation (15 min, 20 000g, 4 C) and precipitation with anti-T7 aga-
rose (NMDAR2 peptide sepharose in case of PSD-95). After
washing, precipitates were incubated overnight with 50 mM N-
ethyl maleimide (NEM), washed with 50 mM Tris, pH 7.4,
150 mM NaCl, 5 mM EDTA and incubated in buffer containing
1 M Tris–HCl, pH 7.4, and 1% Triton X-100 with or without 1 M
hydroxylamine (HA) for 1 h at room temperature. Precipitates
were washed once with 1 M Tris–HCl, pH 6.5, and incubated with
0.1 lM BMCC-biotin (1-Biotinamido-4-(40-[maleimidoethyl-cyclo-
hexane]-carboxamido)-butane), Pierce, Bonn, Germany) in 50 mM
Tris, pH 6.5, 150 mM NaCl, 5 mM EDTA, and 1% Triton X-100. After
washing samples were analyzed by SDS–PAGE and blotting; palm-
itoylated receptors were detected with peroxidase-streptavidin
(Pierce; 1:2000 in 0.5% BSA). Bands were quantitated by densito-
metrical evaluation of X-ray ﬁlms using ImageJ software (http://
rsb.info.nih.gov/ij), or using a luminescence imager (BioRad) avoid-
ing saturated bands. Palmitoylation signals were normalized to
receptor signal intensity (or myc immunoreactivity in case of
PSD-95).
2.4. Fluorescence microscopy
Transfected HEK293 cells were grown on glass cover slips and
ﬁxed using paraformaldehyde. GFP and mRFP ﬂuorescence wereimaged using an Olympus IX81 inverse microscope equipped with
epiﬂuorescence and total internal reﬂection ﬂuorescence (TIRF)
illumination. Cell nuclei were stained using 4,6-diamidino-2-phen-
ylindole (DAPI). Images were processed using CellR (Olympus) and
Adobe Photoshop software.
2.5. siRNA transfections
Lipofectamine 2000 or RNAiMax transfection reagents were
used according to manufacturer’s instructions to transfect
HEK293 cells seeded in 12-well plates (2  104 cells/well) with
40 pmol of FlexiTube siRNAs (Qiagen). A set of four pre-designed
siRNAs was tested for silencing efﬁciency of each gene (ZDHHC3,
ZDHHC5, ZDHHC8). A non-targeting siRNA (AllStars Negative Con-
trol siRNA, Qiagen) was used as a negative control. 24 h after
siRNA delivery cells were transfected with SSTR5 constructs and
harvested 24 h later. One half of cells was used for palmitoylation
assay, the other half was processed for total RNA isolation with
High Pure RNA Isolation Kit (Roche, Mannheim, Germany). Rela-
tive amounts of target gene mRNAs as well as GAPDH mRNA were
determined with real-time RT-PCR using QuantiTect SYBR Green
RT-PCR Kit (Qiagen) and Rotor-Gene real-time analyzer (Corbett
Life Science, Sydney, Australia). In addition, knockdown of
ZDHHC5 was veriﬁed by Western blotting with anti-ZDHHC5 from
Sigma.3. Results
3.1. Interaction between SSTR5 and a putative palmitoyltransferase
We used the Ras recruitment System (RRS) to search for inter-
action partners of the SSTR5 C-terminus. One positive clone
contained the coding region for the ZDHHC5 protein, a putative
palmitoyltransferase (Acc. No. AY871203; residues 3-245 encom-
passing transmembrane regions TM1-4 including the DHHC zinc
ﬁnger motif in the intracellular loop between TM2 and TM3). By
generating deletions in the SSTR5 bait, we could map the region
responsible for this interaction to residues 307–322 in SSTR5,
which corresponds to the so-called helix 8 region (Fig. 1A and B).
Further analysis was performed in HEK293 cells transfected
with expression vectors for both proteins. A strong interaction
was veriﬁed by expressing T7-tagged SSTR5 with a GFP fusion of
ZDHHC5 derived from the original clone obtained in the RRS. Here,
GFP-ZDHHC5 was efﬁciently copuriﬁed when T7-SSTR5 was
immunoprecipitated using anti-T7 agarose (Fig. 1C). Deletion mu-
tants of ZDHHC5 and SSTR5 were constructed to further map the
sites of interaction. Efﬁcient interaction was found to depend on
a region encompassing the ﬁrst two transmembrane domains of
ZDHHC5 (Fig. 1C). A fragment containing TM3 and TM4 was suc-
cessfully expressed, but was not coprecipitated with the SSTR5.
On the other hand, a fragment carrying TM1-2 was efﬁciently pre-
cipitated though only low levels of T7 SSTR5 could be precipitated
in this experiment. Thus we conclude that the region encompass-
ing these two helices is responsible for the interaction of ZDHHC5
with the SSTR5. Surprisingly, the interaction in mammalian cells
could not be eliminated by deleting the helix 8 region in the C-ter-
minus of SSTR5 (Fig. 1D), contrary to what was seen in yeast. This
suggests that additional parts of the receptor (including the trans-
membrane regions) may contribute to interaction with the
ZDHHC5 protein.
The subcellular distribution of both the SSTR5 and ZDHHC5 was
analyzed in HEK293 cells expressing mRFP-SSTR5 and
GFP-ZDHHC5. When expressed individually, both proteins were
found at the plasma membrane with some intracellular staining,
in particular in the case of the SSTR5 (Fig. 2). Upon cotransfection,
Fig. 1. Interaction of SSTR5 with ZDHHC5. (A) Membrane topology. Parts of the proteins labelled in black were used as bait in the RRS (rSSTR5) or obtained as interacting prey
(ZDHHC5). (B) Analysis of speciﬁcity and mapping of the interacting region. The original clone obtained in the RRS was cotransformed with bait plasmids containing full-
length or truncated C-terminal fragments of SSTR5, as indicated. Cell cycle dependent kinase 4 (CDK4) and its interactor p16 were included as a positive control, pADNS
(empty bait plasmid) in combination with ZDHHC5 as negative control. Interaction was detected by complementation of the temperature-sensitive cdc25 growth defect at
37 C on galactose (gal) containing plates, which allow for expression of fusion proteins. No growth and consequently no interaction were detected on glucose (glc) plates at
37 C, as glucose represses expression of the prey fusion proteins. The sequence of the rSSTR5 bait is shown at the bottom; the Ala residue replacing Cys 319 is indicated in
grey; the minimal sequence showing interaction with ZDHHC5, corresponding to Helix 8, is underlined. (C) GFP-based expression constructs of ZDHHC5 containing the
original prey sequence (TM1-4), full length ZDHHC5, or cDNA coding for TM3-4 or TM1-2 only were transfected into HEK293 cells with or without an expression vector
coding for T7-epitope tagged mSSTR5, as indicated. Cells were lysed (input samples, i) and T7-mSSTR5 was immunoprecipitated using T7-agarose (precipitate samples, p).
Samples were analyzed by SDS–PAGE/Western blotting using anti-GFP (upper panels) or anti-T7 (lower panels). (D) Cells expressing wt SSTR5, a mutant lacking the helix 8
segment (-h8), or no receptor (con) in combination with the GFP-ZDHHC5/TM1-4 fusion protein were lysed, followed by immunoprecipitation of receptors and Western
blotting with anti-GFP (upper panels) or anti-T7 (lower panels). The asterisk denotes the position of a non-speciﬁc band which was hidden in most experiments under the
broad smear of the T7-SSTR5 speciﬁc signal.
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rescence mode. Using the TIRF mode, which records ﬂuorescence
only at the plasma membrane facing the substrate, colocalization
was again observed in numerous membrane-associated structures
(Fig. 2).
3.2. ZDHHC5 contributes to palmitoylation of the SSTR5
The ability of ZDHHC5 (or the highly related ZDHHC8) to palm-
itoylate SSTR5 was measured in HEK293 cells coexpressing both
proteins. Receptor palmitoylation was assessed after puriﬁcation
of T7-epitope tagged receptors on T7-agarose, using an acyl-biotin
exchange method [14] where palmitoyl thioesters are cleaved by
hydroxylamine and subsequently labelled with biotin. This allows
for detection and quantitation by streptavidin-peroxidase. We
observed a robust signal when wt SSTR5 was expressed, whereasonly a low level of background signal was detected from the
C319S mutant SSTR5 (Fig. 3A). Signals were eliminated by omitting
HA treatment (Fig. 3A). Importantly, we observed a signiﬁcant
increase in palmitoylation of wt SSTR5 when ZDHHC5 (but not
ZDHHC8) was coexpressed (Fig. 3A–C), suggesting that ZDHHC5
contributes to palmitoylation of the receptor.
To conﬁrm these results, we used pre-designed siRNAs for
silencing endogenous ZDHHC3, ZDHHC5, and ZDHHC8 genes. siR-
NAs for ZDHHC5 and one siRNA each for ZDHHC3 and ZDHHC8
were found to reduce mRNA levels for their target genes (data
not shown); in addition, all ZDHHC5 directed siRNAs (ZDHHC5a–
d; Fig. 4A) speciﬁcally reduced protein levels of ZDHHC5. In our
Western blot analysis we detected ZDHHC5 at the predicted
molecular weight of 72 kDa, and in the form of several higher order
molecular weight aggregates. Aggregate formation can be pre-
vented by performing the denaturing step in SDS sample buffer
Fig. 2. Immunﬂuorescence analysis. (A) HEK293 cells expressing mRFP-SSTR5 (left)
or GFP-ZDHC5 (right) were imaged using epiﬂuorescence (epi); nuclei were stained
using DAPI. (B) Two adjacent cells expressing both mRFP-SSTR5 and GFP-ZDHHC5
were imaged using epiﬂuorescence (epi; left) and TIRF microscopy (tirf; right).
Colocalization is visible as yellow ﬂuorescence in merged images. Bars, 10 lm.
Fig. 3. Overexpression of ZDHHC5 increases palmitoylation of the SSTR5. T7 tagged
WT or C319S mutant (C/S) SSTR5, as well as ZDHHC5 (panel A) or ZDHHC8 (panel B)
were expressed in HEK293 cells as indicated. Following immunoprecipitation of T7-
SSTR5 using T7-agarose, palmitoylated Cys residues were biotinylated using acyl/
biotin exchange chemistry. Hydroxylamine (HA) which is required to cleave the
palmitoyl-cysteine thioester bond was omitted in some samples. Receptors were
detected by Western blotting using anti-T7. Biotinylated receptors were detected
using streptavidin peroxidase (palmitoylation blot). For quantitative analysis, the
ratio of palmitoylation signal/T7 signal was determined and normalized to the
signal obtained with the wt SSTR5 in the absence of ZDHHC protein in each
experiment. Results are mean + S.E.M. from at least three independent experiments.
⁄ (⁄⁄), signiﬁcantly different from control, P < 0.05 (P < 0.01).
2668 T. Kokkola et al. / FEBS Letters 585 (2011) 2665–2670at low temperatures (20 C or 37 C, but not 65 C or 95 C; see
Supplemental Fig. S1). Densitometric evaluation showed that
ZDHHC5a and ZDHHC5b reduced ZDHHC5 protein levels to less
than 20% of control, whereas siRNAs directed at ZDHHC3 or
ZDHHC8 were ineffective (Fig. 4B). Both ZDHHC5 siRNAs used sig-
niﬁcantly inhibited the SSTR5 palmitoylation (Fig. 4C,D), whereas
other siRNAs were without effect, indicating that cellular levels
of ZDHHC5 are necessary to maintain palmitoylation of ectopically
expressed SSTR5. In a parallel set of experiments, we analyzed the
siRNAs tested for their ability to reduce palmitoylation of PSD-95.
Here we observed that none of the siRNAs tested is able to reduce
palmitoylation of PSD-95 (Fig. 4E,F), demonstrating that ZDHHC5 is
speciﬁcally involved in palmitoylating the GPCR SSTR5.4. Discussion
Enzymes responsible for GPCR palmitoylation have been un-
known so far. Here we identify for the ﬁrst time an interaction of
a G-protein coupled receptor with a member of the ZDHHC family
of palmitoyltransferases. Our data indicate that this interaction
serves to link an enzyme (ZDHHC5) with its substrate (SSTR5).
Palmitoylation of the SSTR5 is a speciﬁc feature of ZDHHC5, as
knockdown of ZDHHC3 or ZDHHC8 did not affect receptor palmi-
toylation. On the other hand we did not observe a decrease in
Fig. 4. Inhibition of SSTR5 palmitoylation by silencing the endogenous ZDHHC5 in HEK293 cells. (A) HEK293 cells were transfected with control siRNA, or siRNAs directed
against endogenous ZDHHC3, ZDHHC5 or ZDHHC8 mRNAs. Cell lysates were analyzed by sequential Western blotting using ZDHHC5 and GAPDH speciﬁc antibodies. ZDHHC5
is detected in several bands at 75 kDa, 150 kDa and above 230 kDa, indicating multimerization of the protein (calculated: 77 kDa). ns indicates a non-speciﬁc band. (B)
Quantitation of the data shown in A. The 75 kDa ZDHHC5 speciﬁc sigal was quantitated, divided by the intensity of the corresponding GAPDH signal, and normalized against
the ratio obtained from cells treated with the control siRNA (n = 3). (C) Cells were ﬁrst transfected with siRNAs, followed by transfection with T7-SSTR5 expression vector.
24 h later, cells were harvested and palmitoylation levels of the mSSTR5 were determined as before. (D) Quantitation of the data shown in C. All values were normalized to the
control condition (cells transfected with control siRNA). Results are mean + S.E.M. from at least three independent experiments. ⁄⁄⁄, signiﬁcantly different from control,
P < 0.001. (E) The palmitoylation assay was repeated with myc-taggged PSD-95. PSD-95 was isolated from cell lysates (input, upper panel) by afﬁnity chromatography using
an immobilized NMDAR2 C-terminal peptide which binds to PDZ domain 2 of PSD-95. A Western blot using the anti-myc antibody showed that PSD-95 is efﬁciently
precipitated, but is expressed at lower levels in ZDHHC3 siRNA treated cells. The biotin exchange reaction was performed on precipitates in the absence () and presence (+)
of HA, as before. (F) Quantitation of PSD-95 palmitoylation levels derived from the data shown in E (n = 3; for each independent experiment several Western Blots were run
and quantitated).
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zymes tested. Actually, it has been reported that ZDHHC3 is
responsible for palmitoylation of PSD-95 [6,15]. Though we could
not directly conﬁrm this ﬁnding here, we noted that in all our
experiments knockdown of ZDHHC3 led to a signiﬁcant reduction
of total cellular PSD-95 levels to less than 30% of control levels(data not shown). Thus it is possible that palmitoylation by
ZDHHC3 protects PSD-95 from proteolytic degradation; however,
further experiments will be needed to conﬁrm this.
The RRS method we have used here seems to be particularly
suitable to detect interaction with a membrane protein such as
ZDHHC5, as it was previously successful in case of ZDHHC3 and
2670 T. Kokkola et al. / FEBS Letters 585 (2011) 2665–2670its substrate, the GABAA receptor c2-subunit [7]. The RRS operates
at the plasma membrane [9] and may therefore be more likely to
pick up interactions between membrane proteins.
Interaction is mediated at least in part by the helix 8 segment of
the SSTR5, a region adopting an amphipathic, a-helical conforma-
tion in other receptors [3,4]. As this segment is conserved among
GPCRs, we assume that ZDHHC5 interacts with, and is responsible
for palmitoylation of many more GPCRs. Palmitoylation of GPCRs
in the brain could offer an explanation for the recently discovered
role of ZDHHC5 in synaptic function, learning and memory [16].
The functional importance of GPCR palmitoylation has been
controversial. The identiﬁcation of speciﬁc palmitoylating enzymes
for GPCRs will provide the tools to study the functional relevance
of palmitoylation of individual receptors in their native environ-
ment, as knockout or siRNA strategies allow for interference with
the endogenous expression of ZDHHC5 or related enzymes.
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